Ordinary doping by electrons (holes) generally means that the Fermi level shifts towards the conduction band (valence band) and that the conductivity of free carriers increases.
Doping of carriers into solids plays a crucial role both in controlling their physical properties (conductivity, superconductivity, metal-insulator transitions) via shifting of the Fermi level (EF), and ultimately enables transport-based device technologies (electronics, spintronics, optoelectronics) [1, 2] . Successful doping of insulators or semiconductors by electrons (holes) means that EF shifts towards the conduction band (valence band) and that the conductivity of free electrons (free holes) increases. The relationship EF(n) between the carrier density n and the Fermi energy is textbook predictable [3] provided the density of states D(ε) of the host solid (and hence its electronic structure) remains rigid (unperturbed by the doping process itself).
Recently, however, peculiar doping characteristics were noted in a number of disconnected cases, where electron doping was observed to significantly increase the band gap, and lead to a colossal decrease (several orders of magnitude) in conductivity. We will refer to such phenomenology as "anti-doping". Such observations were recorded in materials systems such as rare-earth nickel oxides SmNiO3 [4] [5] [6] and in ordered-vacancy cobalt oxides SrCoO2.5 [7] . In contrast to normal doping that is governed by classic defect physics [1, 8] , anti-doping represents perhaps the most unprecedent extreme form of a nonrigid response of D(ε) to doping, reversing entirely the expected trend -reducing, rather than increasing conductivity by doping. In sharp contrast to the well-established "unsuccessful doping" that is usually detrimental to applications, anti-doping paves a new route for band gap modulation and resistance switching, and thus promises new directions of doping-induced multiple functionalities such as fuel cells, electric field sensors, Li-ion battery materials, and optical devices [4] [5] [6] [7] 9] . Because of the disparity in properties of the systems where such peculiar doping characteristic was observed, it would be tempting to dismiss these observations as specific idiosyncrasy of specifically complex or correlated systems. In this work, we uncover a simple explanation of the hitherto peculiar electron anti-doping by the physics of "polaron annihilation", not due to electron localization by interelectronic repulsion. This understanding enables deliberate design and theoretical validation of new anti-doping compounds.
The behavior we call electron (hole) anti-doping illustrated in Fig. 1a and 1b [16, 17] and bismuthates [20] , and another type of Li-ion cathode LiIrO3 [21] . We next perform density functional theory (DFT)
calculations to illustrate the anti-doping process in various materials with either preexisting polaronic holes or ligand-hole band states. Note that currently available exchangecorrelation functional (Exc) in DFT usually fails systematically to predict localized polaron states where their formation is a fact because the self-interaction error often leads to an unrealistic delocalized wavefunction. A correction thus needs to be given to fulfill the socalled generalized Koopmans condition [13, 14] 
where E(N−1) − E(N) denotes the total energy cost to remove an electron from the electron-doped system, and eig(N) the single-particle energy of the highest occupied state in the electron-doped system. Therefore, for materials with pre-existing polarons we introduce a potential operator that acts only on the doping states to restore the generalized Koopmans condition (see Methods in Supplementary Materials [22] ).
Before going to more peculiar compounds like nickelates, we first illustrate the concept of electron anti-doping in the simplest s-p orbital compound -MgO with a charge-neutral metal vacancy V 0 Mg. Early calculations of defects in oxides used semiclassical MottLittleton approach to polaron and more recent ones used more material-specific quantummechanical procedures [29] . As shown in (two symmetry-breaking polarons) to merge into the valence band ( Fig. 1d and 1e ). During the transition, the occupied-unoccupied band gap (marked as orange shadows in Fig. 1) increases, illustrating a reversible anti-doping via polaron formation and annihilation process with the doping capacity of two electrons (see also Fig. S1 [22] defect-free crystals set up "design principles" that act as filters to search the rare antidoping bulk compounds. We next illustrate such cases.
Electron anti-doping in Li-ion battery compounds.-In cathode lithium-ion battery (LIB)
compounds, lithiation and delithiation correspond to electron and hole doping, respectively.
Transition-metal-ions in LIBs were initially regarded as the only source of redox activity providing charge-compensating electrons after lithiation or delithiation [31] . It was recently noted that the lowest unoccupied band in such compounds can be a trapped-hole state, with such ligand reduction raising the opportunity to boost the capacity and energy density of LIBs by combining both cationic (transition metal) and anionic (oxygen) redox processes within the same material [32, 33] . We show that these processes represent anti- [35] . Our calculations with self-interaction correction successfully confirm the semiconducting feature upon doping. More importantly, we suggested that anti-doping occurs in LixFeSiO4 through the lithiation process with the annihilation of a localized, pure polaron-like hole, clarifying the previous contradiction and the nature of anion redox process. Fig. 2a-2c shows the projected density of states for three stages of lithiation in 
Anti-doping with an extended ligand-hole intermediate band:
LixIrO3 is illustrated in a ternary cathode material LiIrO3 which exhibits anionic redox activity upon lithiation/delithiation [21] . The density of states in Fig. 3a shows that the lowest decreases; the band gap increases (see Fig. 3b ), and the valence bands engulfs the O-p portion of these unoccupied sub-bands (while the contribution of Ir-d remains nearly the same), a process being the hallmark of the antidoping. This trend is further confirmed by the integrated charge density within a sphere centered at each Ir atom (see Fig. 3e ),
indicating that the actual charges residing around each Ir atom in LiIrO3 and Li2IrO3 are very similar despite the formal valence states (5+ and 4+, respectively) being very different, a hallmark of the negative feedback "self-regulating response" [36] , whereby the ligands rehybridize to donate electrons to the metal ion, protecting it from becoming overly positive.
Electron anti-doping in perovskite-like nickelates.-Both SmNiO3 and SrCoO2.5 were experimentally reported to show unconventionally increased band gap [4, 7] and thus reduced conductivity upon electron doping, the phenomenology we attribute here to antidoping behavior via electron compensation of their ligand hole bands. We next take SmNiO3 as an example. Fig. 4a-4c show clear anti-doping behavior in SmNiO3 with the bond-disproportionated low-T structure (the electron configuration of the two octahedra is In SmNiO3 electron-doping induced resistance modulation is experimentally observed.
For example, the electron doping approaches were achieved by H insertion, Li insertion [4] , as well as O vacancy [37] . Since excessive O vacancy would cause phase separation, the capacity to contain doping electrons is much smaller than that for H/Li insertion.
Nevertheless, our anti-doping scenario explains the mechanism of such band-gap modulation generally, independent of the specific chemical identity of the dopant.
In summary, there are cases where the presence of doped free carriers can change the structure and symmetry of host solid lattice structure itself [38] , or create self-trapped lattice polarons, or develop local, charge-compensating centers [39, 40] Total charge density integrated in a sphere centered in the Ni atom inside (f) the small octahedra (Ni1) and (g) the large octahedra (Ni2) as a function of radius.
